Saxifrages are plants commonly found in all continents. Many of them are adapted to flowering and reproduction under mountainous and rocky conditions. They are pollinated by various groups of insects and have intrastaminal nectaries. The morpho-anatomy of the flowers and nectaries of Saxifraga stolonifera L. was examined using bright-field light and stereoscopic microscopy as well as scanning electron microscopy. The abaxial surface of the sepals has multicellular glandular trichomes containing anthocyanins in the base cells and polyphenols in the secretory cells of the head, whereas visual attractants in the form of color spots are found on the petals. The nectary gland is located at the apex of the ovary and forms a yellow-orange fleshy half-ring. Nectar is secreted through numerous modified stomata. The glandular parenchyma does not have vascular elements. Moreover, orange-brown polyphenols were observed in the nectary cells.
INTRODUCTION
The Saxifragaceae family includes 540 species, out of which various Saxifraga species account for more than 80%. Saxifrages are cushion or mat-forming perennials which are distributed in the subarctic and arctic zones of the Northern Hemisphere, inhabiting primarily higher mountain belts, as well as in the mountains of North Africa and South America. But some of them also occur in the tropical zone. Saxifrage species are significantly varied ecologically, though many of them show adaptations to mountainous, stony or rocky habitats [1, 2] . In Poland 18 Saxifraga species are found in the wild, while about 150 species are cultivated [3, 4] . The cultivated species are divided into 16 sections, depending on the properties and requirements, but most of them belong to the sections Euaizoonia, Dactyloides, Kabschia, and Engleria [1] . Pollinators for the flowers of Saxifragaceae are mainly flies, especially of the families Empididae and Syrphidae, but also honey and solitary bees, bumblebees, butterflies, ants, and beetles [5] [6] [7] [8] . Intrastaminal and annular nectaries, located on the receptacle between the base of the stamens and the ovary, usually occur in the flowers of Saxifragaceae [9] [10] [11] [12] , but gynoecial nectaries can also be found [13] . The nectaries are most frequently composed of yellow, green or green-yellow glandular tissue and nectar is secreted just before the stigmata become receptive [6] . Nectar contains predominantly fructose and glucose, whereas sucrose occurs rarely [14, 15] .
Strawberry saxifrage (Saxifraga stolonifera L.), native to China and Japan, is a perennial belonging to the section Kabschia -Engleria and is called "Mother of Thousands" due to daughter plants produced in large numbers at the end of stolons [1] . In Poland this species is primarily grown as an ornamental pot plant, whereas in warmer climate countries, but also in Poland's warmer regions, it can also be found in rock gardens as a popular ground cover plant [16] .
Many authors think that the location and structure of flower nectaries as well as the mechanism of nectar secretion can elucidate the origin and evolution of various plant groups and provide important taxonomic significance [12, 14, [17] [18] [19] [20] . Because little information was found about the function and structure of floral nectaries in Saxifraga species, which are relatively common representatives of the flora of all the continents, the aim of the present study was to show
MATERIALS AND METHODS
Saxifraga stolonifera L. flowers at anthesis and peak nectar secretion were collected in the middle of June 2013 from plants grown in pots indoors (temp. about 20 o C). The structure of floral nectaries and the micromorphology of strawberry saxifrage flowers were observed using bright-field light microscopy (LM) and stereoscopic microscopy (SLM) as well as scanning electron microscopy (SEM).
For SEM, flowers with nectary disc were fixed in 4% glutaraldehyde in 0.1 M phosphate buffer with a pH of 7.0. Next, the samples were dehydrated in an ethanol series and dried at the critical point in liquid CO 2 (Bal-Tec CPD 030 critical point dryer) and coated with gold-palladium using the sputter coater EMITECH K 550x. The preparations were observed under a TES-CAN/VEGA LMU scanning electron microscope at an accelerating voltage of 30 kV. The length of glandular trichomes occurring on the sepals and nectaries nectarostomata (guard cells) (n=20) were measured and the number of stomata per mm 2 of the nectary epidermis area was counted (n=5).
The diameter (along the longest diagonal) of 10 flowers was determined under a stereoscopic microscope and the size of the following individual flower parts were measured: width and length of sepals and petals (n=25), width and length of the stamen filaments and anthers, (n=50), width and length of the pistil styles (at the base) (n=20) and the pistil diameter with a nectary (n=10). Moreover, the values of the parameters characterizing the floral nectaries (n=10) were determined: width and length of the nectary (top and lateral view), height of the nectary (lateral view), distance from the inner wall of the nectary to the pistil styles (top view), length of the higher and of the lower nectary outgrowths.
Glycerol-mounted slides were prepared from the ovary with a nectary. Longitudinal and transverse sections were cut by hand with a razor blade. Under a Nikon SE 102 light microscope thickness of the ovary walls, height of the epidermal cells and thickness of the nectary tissue were measured, as well as the number of the nectariferous parenchyma layers was counted (n=10). Subsequently, the sections were stained with FeCl 3 to detect phenolic compounds [21] in the tissues of the nectary and ovary. For all measured parameters the means and standard deviations (±SD) were calculated.
RESULTS
Saxifraga stolonifera produces basal, longpetiolate, hairy leaves forming wide-spreading leaf rosettes. Small flowers appear from May to August and are borne in cymose inflorescences. The protandrous flowers of S. stolonifera are asymmetrical and the petals are white-pink colored (Fig. 1a) . Two white petals, almost four times longer than the other ones, are pointed downwards. Three shorter petals, pointed upwards, have a similar size and are characterized by partially pink color and the presence of flavonoid pigments producing contrasting yellow spots at the base of the petals (Table 1 , Fig. 1a,b) . The epidermal cells of the petals produced papillae, i.e. characteristic outgrowths that give a special sheen to the petals (Fig. 1c,d ). 5 green sepals, with claret veining running parallel to the longer axis of the sepal, were shorter by more than 60% and narrower by 24% than the smaller petals (Table 1 , Fig. 1e ). On the abaxial side, the sepals were covered by epidermal cells which generally had convex outer walls that produced peltate glandular trichomes, particularly numerous on the edge of the sepals ( Fig. 1e-i ). The trichomes had a very similar length and consisted of one basal cell, 4-5 stalk cells containing anthocyanins, and a multicellular head with a height that accounted for about 20% of the total trichome length (Table 1, Fig. 1g-i) . The trichome head consisted of 2 or 3 tiers of cells, with 4 secretory cells in each tier. The secretion present in the secretory cells of the trichome heads and observed in the form of droplets at their top contained polyphenols staining brown-green with FeCl 3 (not shown) . Oval projections covered by epidermis with smaller cells, on which clusters of stomata were located, were also noticed on the abaxial side of the sepals (Fig. 1f,j) . The stomata also occurred outside these projections, but at a lower density.
The generative organs in strawberry saxifrage flowers also include the superior pistil with two free styles narrowing in the direction of the stigma and 10 stamens with a similar length, arranged alternately to the petals, which were characterized by white stamen filaments and pink anthers ( Table 1, Fig. 1a,b) . The surface of the pistil styles was composed of prosenchymatous epidermal cells covered by a smooth cuticle, whereas numerous elongated papillae were found on the stigmas (Fig. 2a) . The yellow-orange nectary gland, in the shape of a half-ring with two walls limiting this half-ring and terminating in characteristic outgrowths ("teeth"), was located at the apex of the ovary (Table 1, Fig. 1a, Fig.  2b-g ). A wavy cavity, with several depressions, was formed between the walls limiting the nectary (Fig.  2e,g ). The outer wall of the gland had 6 outgrowths, whereas the inner wall, closer to the styles, had more numerous outgrowths but lower by about 40% compared to those present on the outer wall (Table 1 , Fig. 2e-g ).
The surface of both types of outgrowths was composed of epidermis with densely packed cells with a regular hexagonal outline and convex outer walls covered by slightly striated cuticle (Fig. 3a,b) . Nectar was secreted by numerous modified, frequently raised stomata located in particular in the epidermis of the nectary cavity and in the lower parts of the outgrowths from the side of the depression (Table 1 , Fig. 3c-g ). Initially, the nectar accumulated in the depressions of the nectary cavity, but after they had been filled up, it seeped through to two large depressions located between the inner wall of the gland and the base of the styles (Fig. 2b,e,g, Fig. 3c ).
In the cross sections of the ovary with the nectary, it was observed that the nectary gland was composed of a single-layered epidermis, whose cells were characterized by greater height than the width and which generally had the orange-brown color of living protoplasts, and 5-10 layers of glandular parenchyma adjacent to the ovary wall (Table 1 , Fig. 4a-c) . No vascular elements were observed in the glandular parenchyma. On the other hand, polyphenols were found in some glandular parenchyma cells as well as in the wall cells of the ovary, placenta, and ovules, and they gave the orange-brown color to the cells of the abovementioned organs (Fig. 4a-c) . The presence of phenolic compounds was confirmed by the reaction with FeCl 3 which stained the deposits of these compounds orange-green. 
DISCUSSION
In Saxifraga stolonifera, similarly to the leaf blades and stalks, the sepals were covered with numerous multiseriate glandular trichomes containing anthocyanins in the base cells and polyphenols in the cells of the heads, probably tannins. Numerous authors report that many representatives of the family Saxifragaceae are generally more or less hairy, often glandular [5, 6, 22, 23] . G o r n a l l [24] observed in various Saxifraga species as many as 6 trichome types: i) multiseriate glandular, ii) uniseriate, glandular, iii) sessile, multicelular, glandular, iv) multiseriate, eglandular, v) uniseriate, eglandular and vi) unicellular, eglandular. Moreover, epidermal glandular hairs that contained tannin-like substances in the head cells were also observed by B e n s e l and P a l s e r [10] in Tiarella cordifolia (Saxifragaceae). In S. stolonifera, dark stained cells containing polyphenols were also observed in the epidermis and in the glandular tissue of the nectaries as well as in the cells of the ovary, placenta, and ovules. Phenolic compounds in the form of dark-staining, most frequently tannin-like substances in the nectaries of different plant species have been described by other researchers [25] [26] [27] [28] [29] . According to B a r b e h e n n & C o n s t a b e l [30] and S a l m i n e n & K a r o n e n [31] , tannins provide protection against predation from herbivorous animals and pathogenic attack from bacteria and fungi. The presence of polyphenolic and other secondary compounds in nectary cells deter nectar-infecting microorganisms and foraging insects but sometimes also insect pollinators [32] . J a w o r s k a and N y b o m [33] report that in Saxifraga about 50 various phenols were detected, predominantly tannins. Many of them have medicinal properties [34, 35] ; S. stolonifera stems were used as an herbal remedy in Classical Japan for many different ailments. It contains quercetin which has been shown to have anti-cancer activity [36, 37] .
The asymmetrical flowers of S. stolonifera are characterized by pink anthers and a varied distribution of yellow and pink flavonoid pigments in the petals, forming on the petals contrasting spots, the so-called nectar guides which show the way to the nectar to pollinating insects. Similarly as in S. stolonifera, patterns of red, orange or yellow are found on the delicately spotted petals of S. tricuspidata and S. hirculus [37] . O l e s e n and W a r n c k e [7] think that flavonoids coloring the petals of S. hirculus in yellow reflected ultrafiolet and yellow light making them insect-purple. According to K e v a n [37] , yellow flowers are the most attractive to insects, whereas white flowers which reflect little or no ultrafiolet are the least attractive. Moreover, flowers appearing white and pink to humans (as S. stolonifera) are mostly blue-green for bees and other trichromatic insects [38] , whereas yellow flowers can be green or UV-green, depending on their UV reflectance, to such insects [39] . E l v a nd e r [5] also draws attention to the contrasting color of anthers in other Saxifraga species; by taking on the yellow or orange color, the anthers additionally attract pollinating insects.
The nectary gland in the flowers of S. stolonifera was located at the top of the ovary, forming a characteristic half-ring between the styles of the pistil and the bases of the stamen filaments. Various authors report that in other Saxifraga species the open nectaries are inconspicuous and can be disc-like, ribbon-like or obscure, or they can be absent completely [5, 8, 10, 22] . According to many studies, [9, 11, 12, 15] nectaries in Saxifragaceae occur most frequently on the receptacle or on the ovary and they are generally intrastaminal and annular nectaries. D e c r a e n e et al. [13] described the location of nectary tissue in the gynoecium (as its part) in Chrysosplenium alternifolium, which untypical for representatives of Saxifragaceae. In turn, B e n s e l and P a l s e r [10] found that in many Saxifragaceae species the nectariferous tissue usually covers the abaxial surfaces of the pistils and frequently extends some distance up the adaxial surface of the floral cup. O l e s e n and W a r n c k e [7] and L i n dg a a r d H a n s e n and M o l a u [8] report, however, that flowers of various Saxifraga species produce relatively small amounts of nectar, but despite that they are attractive to pollinating insects and visited by them in great numbers.
The nectar in the flowers of S. stolonifera was secreted through modified nectarostomata. In the available literature on the development and structure of floral nectaries in various representatives of Saxifragaceae, no information was found on the mechanism of nectar secretion. Nevertheless, a similar location of the nectaries and nectar secretion through modified stomata was described by W e i g e n d [40] in the family Grossulariaceae, closely related to Saxifragaceae.
According to this author, the nectaries in Grossulariaceae are very strongly developed and form an extensive disc or cup. The author of present paper found that the secretory parenchyma in the nectaries of S. stolonifera did not have vascular tissue. With such a small size of the nectaries, they were probably supplied with assimilates and water through the vascular bundles of the perianth segments or ovary.
CONCLUSIONS
1. Polyphenols present in the secretion of glandular trichomes and in the cells of the nectary and ovary in S. stolonifera can be a protection against herbivores as well as fungal and bacterial microorganisms. 2. The presence of color spots on the petals and easily accessible floral nectaries in S. stolonifera are traits that promote insect pollination of these plants. 3 . The location of floral nectaries in S. stolonifera is a characteristic typical for representatives of the family Saxifragaceae, but the micro-morphology of the floral nectaries and the mode of nectar secretion in this family were characterized for the first time.
